Abstract: This study represents the evaluation of energy efficiency improvement using combination of natural gas, solar energy and flue gases heat recovery in polyester production. The analyzed energy sources are used for dry saturated steam generation. The energy consumption for combined system on location (φ = 45°49′) with collector field of 23.23 × 10 3 m 2 , was investigated. The hybrid system was calculated for four variants: (1) solarized process without flue gases heat recovery, (2) solarized processes with heat contend in flue gases using economizer, (3) solarized processes with heat contend in flue gases using an air preheater and (4) solarized processes with heat contend in flue gases using economizer and air preheater. The best method among presented sources is solution using economizer and the air preheater with natural gas, solar energy and flue gases heat recovery. The natural gas consumption is reduced for 67.82% which indicates that this solution is the optimal one. At the same time the volume of exhaust flue gases is diminished from 4947.1 to 1430.4 m 3 FG /h while simultaneously decreasing outlet temperature of 172.85°. Together with considerable energy savings, this hybrid system is sustainable and environmentally acceptable. From 1984 to 2000, she has performed the collaboration with the Institute for Thermodynamic at the Technical University Graz and with the Institute for Physics at the Karl Franz University Graz, in the field of alternative energy sources as well as Stirling engine. She has published over 121 scientific papers with international reviews and 13 professional papers.
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PUBLIC INTEREST STATEMENT
The main novelty in this paper are extensive energy efficiency improvements in polyester production when applying hybrid system combining solar energy together with flue gases heat recovery for dry saturated steam generation. The utilization of presented energetic system could have the advantages of sustainability of environmental acceptability and availability in industrial production process. The hybrid system development is shown for four options. The environmental analysis showed reduction of natural gas consumption and diminishing of flue gases exhaust temperature and volume. The results show that energy consumption using solarized process without flue gases heat recovery saves natural gas for 60.98%. The natural gas savings becomes 67.1% when combining solarized process with flue gases heat recovery using economizer. Combustion air preheating, using solar radiation and flue gases results with fuel savings of 65.54%, while combining solarized process with flue gases heat recovery using both economizer and air preheater showed reduction of natural gas consumption for 67.82%.
Introduction
Polyethylene terephthalate (PET) also named polyester is the most common thermoplastic polymer (https://en.wikipedia.org/wiki/Polyethylene_terephthalate). This synthetic noncellulosic organic manmade fibers are very long threadlike molecules collected of hundreds of thousands of atoms strung together in chains (https://www.referenceforbusiness.com/industries/Chemicals-Allied/ Organic-Fibers-Noncellulosic.html). Polymer is made up of polymerized units of the monomer ethylene terephthalate. Earliest polyester production was based on dimethyl ester polymerization (Mihelić-Bogdanić & Budin, 2009) . Nowadays, about 70% of widely used terephthalic acid applied in polyester manufacturing is produced by the oxidation process of paraxilene in nitric acid (Mohd Fadzil, Ab. Rahim, & Maniam, 2014) .
Polyester is an excellent water and moisture barrier material with very good properties like heat stability, resistant to wrinkling. It has great durability and therefore takes a central position under engineering plastic with commercial use. This thermoplastic polymer is used in fibers for clothing in textile industry, containers for liquids and foods, thermoforming for manufacturing and in combination with glass fiber for engineering resins. Also it is used as a substrate in thin film solar cells (https://en.wikipedia.org/wiki/Polyethylene_terephthalate). As many others thermoplastics polyester can be recycled and then prime applied for fiber, strapping and etc. (https://plastics.americanchemistry.com/Plastic-Resin-Codes-PDF/).
The polymerizations process of polyester is a continuous process including many series actions, where a significant quantity of heat energy produced employing high grade fossil fuel, electrical energy and water is consumed (Smith, 1990) . Now, in this process a great amount of hot condensate as well as flue gases are rejected to the surrounding. In order to reduce heat wastes and at the same time to be environmentally friendly with lowest losses, this process should be optimized. The high temperature of flue gases shows an indicative potential for energy conservation. The implementation of flue gases heat recovery for air and feed water preheating as well as combination of both can improve the technological process (Mihelić-Bogdanić, Budin, & Sutlović, 2000; Thumann, 2002) .
Although renewable energy has received a good treat of attention for power generation i.e. their use in industrial applications has received less interest (Renewable Energy in Industrial Applications, 2010) . The presented analyses are focused on the potential of solar energy sources for process heat in polyester manufacturing sector. Solar energy is the world's most abundant permanent source of energy (Goswami & Kreith, 2016) . The implementation of solar energy depends on yearly solar radiation. Most applications require backup energy source to ensure that the requirements of industry are met even on days with less solar radiation (Mihelić-Bogdanić & Budin, 2009) . Process with solar heat is based by relevant solar data for selected location in Croatia. The combination of solar generated steam and flue gases heat recovery technique show the reducing fuel consumption as well as the temperature of exhaust flue gases (Afsar & Akin, 2016; Karagiorgas, Botzios, & Tsoutsos, 2001) , which shows positive impact on the environment. This hybrid powered system will be outlined and discussed. The objective of this paper is to find energy reduction and improvements using the combination of different energy sources. The assumption is that hybrid system using the combination of natural gas, solar energy and flue gases heat recovery provides the greatest energy savings in polyester production.
Polyester fibres process flow
Manmade polyester fibres offer substitute for many natural fibres (cotton, wool, etc.) and has become the most widely used polymer in nonwovens industry (https://en.wikipedia.org/wiki/ Polyethylene_terephthalate). Polyethylene terephthalate is a condensation polymer industrially fabricated by either dimethyl terephthalate with ethylene glycol or at present by the most widely used terephthalic acid process. This is based on oxidation of paraxilene conducted with a cobalt catalyst in nitric acid (Hedge et al., 2004; Rodriguez, Cohen, Ober, & Archer, 2015; Stevens, 1999) . The typical industrial sequences for continuous polymerization process include many relevant operations requiring a significant amount of electrical, thermal energy and water (Mohd Fadzil et al., 2014) . The manufacture of polyester is shown in Figure 1 .
This research analyses energy consumption in polyester manufacturing at rate D PET = 45 t/day by yearly operation time of τ = 7,272 h i.e. 303 days. The plant is closed for two months yearly (Mihelić-Bogdanić & Budin, 2006 . This technology consists of following procedures: in autoclave reactor, filters, dryers, esterification reactor, crystallizer, melter, rollers, transesterification reactor, polymerizer, polymer melt, tow drawing, crimper, cutter and baler.
Electrical energy in amount of e e = 1.432 kWh e /kg PET is distributed to the following units: filters, esterification reactor, crystallizer, rollers, transesterification reactor, polymerizer, tow drawing, crimper and cutter with baler, as seen in Table 1 The natural gas fuel has the ultimate analysis by volume (Potter & Somerton, 1993; Požar, 1992) : (Mihelić-Bogdanić & Budin, 2014) . The daily consumptions in polyester production are shown in Table 2 .
The novelty of this study is the impact of hybrid system in polyester production which combines natural gas together with solar energy , flue gases heat recovery for dry saturated steam generation. The environmental analysis showed reduction of natural gas consumption while simultaneously diminishing the flue gases exhaust temperature and volume when using both economizer and air preheater (Eastop & Croft, 1995) . The presented combination of sources provides greater efficiency improvements in polyester production and is also environmentally acceptable. 
Flue gases heat recovery
The goal of the process, which includes flue gases heat recovery is to create maximum reduction in energy consumption with a minimum investment. In all thermal processes exist very large heat losses and it is important to evaluate the quantity of that (Demirel, 2012) . In industrial production plant the heat losses from natural gas fired boiler comes from the hot exhaust flue gases and are primary wasted through chimney. The recovered heat of the flue gases could be used for better utilization of fuel resulting with higher overall efficiency. The assignment is to take out from the hot flue gases as much as possible (Bloom, 2009 ).
The flue gases heat recovery systems offer significant possibilities of improving the efficiency with simultaneous reduction of the waste heat discard to the atmosphere (Demirel, 2012 ). The energy contained in the natural gas savings system reclaims the waste heat from the exhaust gases. This presented flue gases are used in the boiler to preheat feed water as well as combustion air or both. Flue gases heat recovery evaluate the existing heat potential (Flue Gas Heat Recovery, 2012).
Feed water preheating in economizer
The economizer (ECO) (Turner, 2012 ) is gas to liquid water heat exchanger using process thermal energy from hot flue gases. In presented process feed water at the temperature t Ei = t B = 298.15 K (25°C) passes the economizer with efficiency η E = 85%. The heat calculation for dry saturated steam production is (Budin & Mihelić-Bogdanić, 2013 ):
In presented case the flue gases volume is lowered 9.2%, while the hot exhaust gases are cooled from 477.15 K (204°C) to 324.95 K (51.8°C) (Mihelić-Bogdanić & Budin, 2014) .
Combustion air preheating in air preheater
The air preheater (AP) has the function to preheat the combustion air before entering the boiler. The energy required for this purpose is supplied to the heat exchanger (Flue Gas Heat Recovery, 2012). The high temperature of boiler exhaust gases is a problem of clean energy generation. Flue gases temperature can be lowered using air preheater system. Such a procedure should result in smaller fuel consumption and diminished flue gases outlet temperature. 
Combustion air and feed water preheating
In a plant with heat recovery a part of flue gases energy from the natural gas fueled boiler could be transferred by an air preheater passing through an economizer. It is used for combustion air and feed water preheating (Figure 2 ) (Flue Gas Heat Recovery, 2012).
Applying presented method, the flue gases are cooled what caused increasing of combustion air as well as boiler feed water temperature. These approaches with air preheater and economizer by using heat of flue gases are attractive in polyester production. 
Solar system design
Although the residential sector offers a huge potential for solar thermal applications, the industrial sector shows a remarkable relevance, covering about 28% of the total primary energy consumption and a significant share of the heat consumed in the industrial sector is in the low and medium temperature range (Vannoni, Battisti, & Drigo, 2008) . The presented analysis discussed the potential for solar energy use and technologies in the industrial manufacturing sector, separately in here presented polyester production. Solar energy has an unlimited resource potential and the sun is the most reliable and abundant source of energy (Ataei, Hemmatabady, & Nobakhtand, 2016) . Solar thermal energy generation concentrates the light from the sun to produce heat.
The application of solar energy, as a partial substitution for natural gas fuel in polyester production process, can reduce significantly the total energy consumption (Mihelić-Bogdanić, Budin, & Filipan, 1999; Mihelić-Bogdanić et al., 2000) . The utilization of this friendly available and environmentally benign source depends on location of the plant, the insolation rate what means on latitude and climatologically conditions (Weiss & Biermayr, 2010) . The solar system analysed here is proposed to be installed on (φ =45°49′). Data for monthly average daily radiation (Q r ) on horizontal area were calculated from global daily hourly radiate on measurements (Croatian Meteorological Bulletin Climatic Data, 1997) and are presented in Figure 3 . The useful solar radiation (Q u ) depending on monthly average daily radiation (Q r ) and collector area (A) which defer from 65% in summer, 50% in transition to 25% in winter period (ASHRAE Standard 93, 1986 ) is expressed as is (Budin & Mihelić-Bogdanić, 2013 ):
The area needed for solar collector can be formulated as is (Budin & Mihelić-Bogdanić, 2013 ):
where F = 1.25 is the security factor for large collector installation (ASHRAE Standard 93, 1986 ) and Q B,EA is the previously calculated daily heat input to the boiler in the plant. Heat of boiler flue gases are used in air preheater and also in economizer.
Flat plate collectors (Goswami, 2015) are the cheapest technology but they can be used to heat loads between 323.15 K and 353.15 K (50 and 80°C) (Kalogirou, 2009 ). The mean flat plate collector area (Table 3) is calculated on the basis of average values area for summer period i.e. June, July, August and becomes is (Budin & Mihelić-Bogdanić, 2013 ):
Calculation of monthly useful solar energy with mean collector area can be obtained using following equation is (Budin & Mihelić-Bogdanić, 2013): where d m are days in a month.
Two months i.e. January and December are omitted because the plant is closed in this period. The results of useful daily radiation (Q u ), collector area (A), monthly useful solar energy (Q m ) are shown in Table 3 .
A m = A 6−8 ∕3 = 69.71 × 10 3 ∕3 = 23.24 × 10 3 m 2 .
(8) 
Solar system combined with flue gases heat recovery
Optimum design of the combined solar collector and flue gases heat recovery is studied (Ataei et al., 2016; Kalogirou, 2009; Vineetha & Babu, 2016) . Such a combination applied in polyester production is illustrated in Figure 4 . This concept is characterized by collector fields, heat exchanger, steam generator, air preheater, economizer, waste heat recovery system and industrial process.
Steam generator, where dry saturated steam is produced, is heated by energy from collector fields, natural gas and exhaust flue gases. Combustion air, as well as feed water, are preheated with waste heat of flue gases. In this hybrid system, natural gas fuel consumption and energy savings in process without flue gases recovery will be analysed. Also processes with flue gases heat recovery using economizer, air preheater as well as the combination of both are presented. The volume of exhaust flue gases that will be rejected to the atmosphere in all cases are computed.
Relevant calculated values for solarized process are shown as follows:
1. Process without flue gases heat recovery Natural gas consumption is (Budin & Mihelić-Bogdanić, 2013 ): and fuel savings becomes (Budin & Mihelić-Bogdanić, 2013 ):
The volume of exhaust flue gases is (Budin & Mihelić-Bogdanić, 2013): 2. Process with flue gases heat recovery using economizer Natural gas consumption is (Budin & Mihelić-Bogdanić, 2013): and fuel savings becomes (Budin & Mihelić-Bogdanić, 2013 ):
The volume of exhaust flue gases is (Budin & Mihelić-Bogdanić, 2013): 3. Process with flue gases heat recovery using air preheater Natural gas consumption is (Budin & Mihelić-Bogdanić, 2013): and fuel savings becomes (Budin & Mihelić-Bogdanić, 2013 ):
The volume of exhaust flue gases is (Budin & Mihelić-Bogdanić, 2013): 4. Process with flue gases heat recovery using economizer and air preheater Natural gas consumption is (Budin & Mihelić-Bogdanić, 2013): and fuel savings becomes (Budin & Mihelić-Bogdanić, 2013 ):
The volume of exhaust flue gases is (Budin & Mihelić-Bogdanić, 2013 
Conclusion
The main novelty in this paper are extensive energy efficiency improvements in polyester production when applying hybrid system combining solar energy together with flue gases heat recovery for dry saturated steam generation. The environmental analysis showed reduction of natural gas consumption while simultaneously diminishing the flue gases exhaust temperature and volume.
The results are based on the calculated natural gas requirements and the measured data for solar radiation in polyester production. In order to save natural gas energy for feed water and combustion air preheating with solar energy and heat of exhaust gases are presented. This calculation includes data for selected location (φ = 45°49′) using collector field of 23. The greatest energy savings where shown when combining all four energy source together, i.e. solarized process with flue gases heat recovery using both economizer and air preheater. The environmental analysis showed the greatest reduction of natural gas consumption up to 67.82%. The 
